The intrachloroplastic localization of post-transcriptional gene expression steps represents one key determinant for the regulation of chloroplast development. We have characterized an RNA binding protein of 63 kDa (RBP63) from Chlamydomonas reinhardtii chloroplasts, which cofractionates with stromal thylakoid membranes. Solubility properties suggest that RBP63 is a peripheral membrane protein. Among RNA probes from different 5¢ untranslated regions of chloroplast transcripts, RBP63 preferentially binds to the psbA leader. This binding is dependent on a region comprising seven consecutive A residues, which is required for D1 protein synthesis. A possible role for this newly discovered RNA binding protein in membrane targeting of psbA gene expression is discussed.
Chloroplast gene expression within plant or algal cells has been shown to be dependent upon nuclear gene products, which are translated in the cytoplasm and, subsequently, are imported by the organelle. Herein, they fulfil their function by interacting with distinct elements and/or factors associated with the chloroplast gene expression machinery [1, 2] . While the molecular mechanisms of regulatory interaction during these processes are being pieced together, relatively little is known about the intrachloroplast localization of different steps of gene expression.
For instance, the chloroplast DNA is organized in nucleoids. In developing higher plants, these are associated with the inner plastid envelope through the PEND protein.
Upon full chloroplast maturation, the cpDNA is localized to thylakoid membranes by an undetermined mechanism [3] . This suggests that the plastid transcription machinery is distributed in a similar way. Further evidence for subcompartmentalization of chloroplast gene expression has been obtained by the recent cloning of genetically defined loci, which are required for distinct post-transcriptional steps of chloroplast gene expression. These factors could be detected in the stromal compartment like Crp1 and Crs2 in maize [4, 5] , or Maa3, Mbb1 and Nac2 in Chlamydomonas reinhardtii [6, 7, 8] , which are involved in processing/splicing or stabilization of specific chloroplast transcripts, respectively. Conversely, association with the inner plastid envelope and/or the so-called low density membranes (LDM), which resemble the inner envelope membrane with regard to their lipid composition [9] , has been observed for the translation termination factor RF4 from spinach and the RNA splicing factor Maa2 from C. reinhardtii [10, 11] .
By application of in vitro run-on translation systems, a cotranslational insertion of thylakoid membrane proteins has been reported [12] . This is consistent with the finding that chloroplast psbA and psbD transcripts are associated with thylakoids [13, 14] . Further evidence for an essential role of the thylakoid membrane for chloroplast gene expression was deduced from the analysis of a maize mutant lacking the chloroplast SecY homologue of the thylakoid protein translocation machinery. In this mutant, chloroplast translation is defective [15] .
Moreover, in vitro assays revealed a still growing number of various RNA binding proteins (RBPs), which have been implicated in the control of post-transcriptional gene expression steps. Some of these RBPs appear to mediate their function via distinct cis-acting elements within the 5¢ untranslated regions (UTRs) of plastid mRNAs, which are essential for mRNA maturation/stabilization and/or translation initiation [16] [17] [18] [19] [20] . Whereas some of these RNA binding activities are localized to the chloroplast stroma [18, 21] , recent work suggests that many other RBPs are associated with the abovementioned LDM system [9] .
In C. reinhardtii, the 5¢ UTR of the psbA mRNA encoding the D1 protein of the photosystem (PS) II reaction centre was shown to interact with RB47, a member of the polyA-binding protein family, which forms a complex with major proteins of 38, 55 and 60 kDa [22] . RB60 represents a protein disulfide isomerase that exhibits no RNA binding activity, but is involved in the light and/or redox regulation of D1 synthesis. RB47 was localized to the LDM system [9] and, in addition, RB60 was shown to be partitioned between the stroma and the membrane phase following chloroplast fractionation experiments [23] .
We have previously reported on a set of chloroplast RBPs, which interact with the 5¢ UTR of the psbD mRNA encoding the D2 protein of PS II of C. reinhardtii. Amongst those, a protein of 63 kDa (RBP63) cofractionated with thylakoid membranes during separation of chloroplast lysates by sucrose step gradient centrifugation [18] . In this report, this particular protein is characterized further. We were able to show that RBP63 is a stromal thylakoid membrane protein. It preferentially binds to the 5¢ UTR of the psbA message determined by an A-rich region eight nucleotides upstream of the AUG start codon. To the best of our knowledge, this is the first RNA binding activity found exclusively within thylakoid membranes.
M A T E R I A L S A N D M E T H O D S
Algal strains, preparation of protein fractions and western analysis
The C. reinhardtii strain used harboured the cw15 mutation, which facilitates chloroplast isolation. It was maintained on Tris/acetate/phosphate medium [24] at 25°C and cultures were grown to a density of 2 · 10 6 cells AE mL )1 in this medium containing 1% sorbitol. Cells were harvested by centrifugation and chloroplasts and chloroplast subfractions were prepared exactly as described previously [18] .
For the separation of stroma and grana thylakoids, isolated unstacked thylakoid membranes were resuspended at 0.4 mgAEmL )1 chlorophyll in buffer B (15 mM tricine/ KOH pH 7.9, 0.1 M sorbitol, 10 mM NaCl, 5 mM MgCl 2 , 10 mM NaF) and incubated for 30 min at 4°C to allow for restacking [25] . Subsequent fractionation was carried out as described previously [26] . In brief, restacked thylakoid membranes were incubated with 0.4% digitonin in buffer B for 2 min at room temperature. The incubation was stopped by adding 10 vol. buffer B. The suspension was centrifuged four times at 4°C. Each supernatant was used for the next centrifugation step. The relative acceleration rates were 1000 g for 10 min, 10 000 g for 30 min, 40 000 g for 30 min and 150 000 g for 1 h. The different pellets corresponding to thylakoid membranes (P 1000g ), grana thylakoids (P 10000g ), intermediate membranes (P 40000g ) and stroma thylakoids (P 150000g ) were resuspended in 2 · lysis buffer, diluted with 75% glycerol and stored at )20°C [18] .
Western analyses were carried out as described previously [18] . Protein and chlorophyll concentrations were determined as described previously [27, 28] .
Membrane solubilization analysis
For membrane solubilization analysis, isolated thylakoid membranes corresponding to 1 mg chlorophyll were incubated as indicated in Fig. 2 at 4°C for 30 min and centrifuged at 100 000 g for 1 h. The pellets were resuspended in 2 · lysis buffer. NaCl in the supernatants of the salt washes was removed by centrifugation through ultrafree centrifugal filter (Millipore Corporation). All fractions were diluted with 75% glycerol and stored at )20°C. Equal amounts of the soluble and the membrane fractions corresponding to 1 lg chlorophyll of untreated thylakoid membranes were analysed by UV cross-linking assay.
Sedimentation analysis
For sedimentation analysis of RBP63 activity, isolated chloroplasts were hypotonically lysed in buffer containing 5 mM 6-amino hexanoic acid, 25 lgAEmL )1 pepstatin A, 10 lgAEmL )1 leupeptin, 1 mM benzamidine HCl and 1 mM phenylmethanesulfonyl fluoride. After centrifugation for 1 h at 100 000 g the sedimented membranes were solubilized in the same buffer containing 0.5% Triton X-100, loaded on a 15-80% linear glycerol gradient and centrifuged for 18 h at 180 000 g. The gradient was fractionated into 22 fractions of 500 lL; 10 lL of these fractions were used for UV cross-linking experiments.
In vitro synthesis of RNA and UV cross-linking of RNA with proteins
Templates for the in vitro synthesis of psbD leader RNA probes, KS-RNA, and psbC-RNA were generated as described [9, 18] . A PCR fragment comprising positions +1041 to +1157 relative to the AUG of the psbA mRNA (corresponding to the coding region of the C-terminal amino acids of D1 and the 3¢ UTR of the psbA mRNA) was amplified with the oligonucleotides psbA3/1 (5¢-CTCTAGC TCAAACAACT-3¢) and psbA3/2 (5¢-GCCTATGGTAGC TATTA)3¢) and cloned into the pBluescriptII KS + vector. The resulting clone, p41.a9, was sequenced (MWG-Biotech AG, Ebersberg, Germany). For in vitro synthesis of the psbA 3¢ UTR RNA (psbA3¢ RNA), p41.a9 was digested with EcoRI. Other templates for in vitro synthesis of the different 5¢ UTR RNAs were generated by PCR with the following oligonucleotides: psbA RNA (wild-type sequence of the psbA mRNA corresponding to positions )91 to +13 relative to the AUG); T7-psbA5¢ (5¢-GTAATACGACTCA CTATAGGGTACCATGCTTTTAATAGAAG-3¢) and 2054 (5¢-GATCCATGGTCATATGTTAATTTTTTTAA AG-3¢); )36-RNA (wild-type sequence of the psbA mRNA corresponding to positions )36 to +13 relative to the AUG); T7-36ntA5¢ (5¢-GTAATACGACTCACTATAGG GTTTACGGAGAAATTAAAAC-3¢) and 2054; M1-RNA (sequence of the psbA mRNA corresponding to positions )36 to +13 relative to the AUG with an exchange at positions )27 to )19 to C residues); psbA-T7mut1 (5¢-GT AATACGACTCACTATAGGGTTTACGGAGCCCCC CCCCC-3¢) and psbA3¢mut1 (5¢-GATCCATGGTCATAT GTTAATTTTTTTAAAGGGGGGGGGGC-3¢); M2-RNA (sequence of the psbA mRNA corresponding to positions )36 to +13 relative to the AUG with an exchange at positions )14 to )4 to C residues): T7-36ntA5¢ and psbA3¢mut2 (5¢-GATCCATGGTCATATGGGGGGGG GGGGAAAGTTTTAATTTC-3¢); M2a-RNA (sequence of the psbA mRNA corresponding to positions )36 to +13 relative to the AUG with an exchange at positions )17 to )12 to C residues); T7-36ntA5¢ and psbA3¢mut2a (5¢-GATCCATGGTCATATGTTAATTTTGGGGGGG TTTTAATTTC-3¢); M2b-RNA (sequence of the psbA mRNA corresponding to positions )36 to +13 relative to the AUG with an exchange at positions )11 to )8 to C residues); T7-36ntA5¢ and psbA3¢mut2b (5¢-GAT CCATGGTCATATGTTAAGGGGTTTAAAGTTTTA ATTTC-3¢); M2c-RNA (sequence of the psbA mRNA corresponding to positions )36 to +13 relative to the AUG with an exchange at positions )7 to )4 to C residues); T7-36ntA5¢ and psbA3¢mut2c (5¢-GATCCATGGTCATA TGGGGGTTTT TTTAAAGTTTTAATTTC-3¢); M2d-RNA (sequence of the psbA mRNA corresponding to positions )36 to +13 relative to the AUG with an exchange at positions )17 to )15 to C residues); T7-36ntA5¢ and psbA3¢mut3 (5¢-GA TCCATGGTCATATGTTAATTTT TTTGGGGTTTTAATTTC-3¢); psbB-RNA (wild-type sequence of the psbB mRNA corresponding to positions )147 to +24 relative to the AUG): T7-psbB5¢ (5¢-GTAATACGACTCACTATAGGGTAAATTAATT TAATTTAAAATC-3¢) and psbB3¢ (5¢-TACACGATA CCAAGGTAAACC-3¢). Each template contained the promotor of the T7 RNA polymerase fused to the 5¢ end of the described fragments. In vitro transcription of RNA, UV cross-linking of RNAs with proteins and quantification of binding signals was carried out as described [18] . For competition experiments radiolabelled RNA and nonlabelled competitors were mixed prior to the addition of proteins. Quantification of competitor RNA amounts was performed by measuring the incorporation of low levels of radioactivity into transcripts [18] . Signal intensities in competition binding experiments were quantified densitometrically by using an ICU-1 unit and the IMAGE DOC/EASY WIN2 software from Herolab.
R E S U L T S RBP63 cofractionates with stromal thylakoids
Previously, we have analysed interactions of chloroplast proteins with the 5¢ UTR of the psbD mRNA in C. reinhardtii [18] . Chloroplast lysates were fractionated by centrifugation through a 1.0 M sucrose cushion in the absence of MgCl 2 . Under these experimental conditions, neither stroma nor LDMs entered the cushion [9, 18] , and could be collected together in one fraction, which contained the majority of RBPs (Fig. 1A, lane 3) .
By using the UV cross-linking technique, RNA binding activities of 40, 63 and 90 kDa were detected in cT fractions representing crude thylakoid membranes, which sedimented through the sucrose cushion (Fig. 1A, lane 4) . After further purification of these membranes by flotation in a second sucrose step gradient (1.3 M/1.8 M sucrose) and subsequent washing by sedimentation [18] , only the 63 kDa (RBP63) and trace amounts of the 90 kDa species were detectable (Fig. 1A, lane 5) . This suggests that RBP63 is associated with thylakoid membranes, while RBP40 and RBP90 represent stromal contamination of the cT fraction, which still contained substantial amounts of the stromal Rubisco enzyme (Fig. 1C) .
However, a signal in the range of 63 kDa was also detected in the stromal fraction (Fig. 1A, lane 3) . To test, whether this activity represents stroma-localized RBP63, high resolution SDS/PAGE was performed. As shown in Fig. 1B , the stromal component is approximately 61 kDa (RBP61) in size and, thus, distinctly different from RBP63. Further evidence supporting this finding was obtained from sedimentation analyses, which demonstrated that RBP61 and RBP63 are part of two different high molecular weight complexes of 450 kDa and 700 kDa, respectively (Fig. 1E , fractions 5 and 9-15, respectively). From these data, it can be concluded that active RBP63 is associated exclusively with the thylakoid membrane and is not partitioned between the stroma and the thylakoids.
Thylakoid membranes can be divided into stroma lamellae and stacked grana regions. To test whether RBP63 shows any selective accumulation within these thylakoid membrane subfractions, appressed grana and unappressed intermediate and stroma thylakoids were separated by differential centrifugation following digitonin treatment as described earlier [26] . As shown in Fig. 1D , RBP63 activity was found to be significantly enriched in the stromal thylakoid membrane fraction together with the CF1 subunit of the chloroplast ATPase and the PsaD subunit of PS I, which serve as marker molecules for stromal thylakoids [29] . Low amounts of RBP63 were detectable in the intermediate fraction, whereas PS I and ATPase already showed a significant enrichment. In view of actual models of the domain structure of the photosynthetic membrane it appears likely that the intermediate fraction might be enriched in thylakoid margin regions which constitute a distinct subdomain and contain amounts of PS I and ATPase similar to stromal thylakoids [29] . However, the data clearly indicate that RBP63 does not cofractionate with the grana thylakoid membranes.
To test the nature of the association between RBP63 and thylakoids, membranes were washed with high salt (0.1-2.0 M NaCl) or with buffer containing 0.1-2.0% of either detergent Brij 35 or Triton X-100. Salt treatment did not induce any release of RBP63 into the soluble phase, although some activity was lost in the membrane phase, probably due to degradative processes during extensive washing of membranes which was required to completely remove NaCl (Fig. 2A) . In contrast, complete release was observed with high concentrations (2.0%) of Brij 35. This nonionic detergent preferentially dissolves peripheral/extrinsic membrane proteins because of its high hydrophiliclipophile balance number [30, 31] . Under these conditions, chlorophyll could not be measured in the supernatants (Fig. 2B) demonstrating that intrinsic membrane proteins are not dissolved [32] . By using Triton X-100, both chlorophyll and RBP63 were readily detected in the supernatant fraction. Complete release of chlorophyll was achieved with high concentrations (1.0%) of Triton X-100, whereas only low concentrations (0.1%) were required to release all RBP63 activity (Fig. 2C) . Taken together, these results indicate that RBP63 is a membrane protein of thylakoids. It might be peripherally associated with the membrane via a hydrophobic polypeptide anchor, as has been suggested for thylakoid phosphatases from C. reinhardtii [33] .
RBP63 preferentially binds to the psbA 5¢ UTR Initially, RBP63 was detected by using a radiolabelled RNA probe containing the psbD 5¢ UTR. However, other tested radiolabelled 5¢ UTR-probes from the psbA mRNA (Fig. 3A) or psbB, psbC, rbcL and rps4 mRNAs (data not shown) were also able to generate a similar RBP63 signal under noncompetitive and, hence, unphysiological conditions. To distinguish between different affinities of RBP63 to the various RNAs, comparative competition experiments were performed. These used radiolabelled psbD-RNA and an excess of unlabeled 5¢ UTR RNA probes from other chloroplast mRNAs encoding subunits of the PS II core, including psbA, psbB, and psbC. The psbB, psbC and even the psbD RNA exhibited only moderate and nearly the same competition effects. However, surprisingly, a very strong reduction of the RBP63 signal was obtained when the psbA RNA was used as a competitor (Fig. 3B) , thus suggesting a high affinity of RBP63 for the psbA 5¢ UTR RNA. Consequently, competition experiments similar to those described in Fig. 3B were performed, except that psbA 5¢ UTR was used in place of psbD as the radiolabelled probe. Again, the homologous psbA RNA led to the most significant competition effect, whereas the addition of an excess of psbB, psbC, and psbD RNAs resulted in only minor competition (Fig. 3C ). Additional RNAs were tested and included the 5¢ UTRs of rbcL and rps4 mRNAs as well as an unrelated in vitro transcript comprising the polylinker region of the pBluescript KS + vector, which competed at low levels in the same range (data not shown). Similar to several other chloroplast RNA binding proteins, RBP63 exhibited a high affinity for the ribohomopolymers polyA and polyU, whereas polyG and polyC were not recognized (data not shown). Also the addition of a 500-fold excess of dsDNA from the psbA 5¢ region had no effect on RBP63-binding (data not shown). In conclusion, these data confirm the high affinity of RBP63 for the psbA leader.
Analysis of the cis-acting determinants for RBP63-binding
Within chloroplasts of C. reinhardtii, two forms of the psbA mRNA exist: a larger form with a 5¢ UTR of 91 nucleotides (which had been used in the binding assays shown in Fig. 3C ) and the predominant, shorter form with a leader of 36 nucleotides (Fig. 5A) [34, 35] . It has been hypothesized that the larger form represents the precursor to the shorter mRNA which is generated by a 5¢ processing event [36] . Similar to the situation found for psbD and psbB gene expression [37, 38] , a tight molecular connection between processes of 5¢ RNA maturation and translation initiation had been postulated for the psbA gene [36] . In order to distinguish whether RBP63 also binds to the shorter psbA message, further comparative competition experiments were carried out by using the two different psbA 5¢ UTR forms as unlabeled competitors. The two RNAs reduced the RBP63 signal with almost the same efficiency indicating that RBP63 recognizes the psbA mRNA via an element located between position )36 and +1 of its leader (Fig. 4) . In contrast, an RNA probe covering the psbA 3¢ UTR competed only to a low level (Fig. 4) . For further examination of the cis-acting determinants, which are essential for RBP63 binding, we generated several mutant versions of the shorter psbA 5¢ UTR. Based on the observation that RBP63 exhibits high affinity to stretches of A and U residues, the two A-rich regions at position )27 to )19 (A-tract 1) and position )14 to )4 (A-tract 2) relative to the AUG start codon of the psbA leader were changed into C-tracts, resulting in the mutant RNAs M1 and M2, respectively (Fig. 5A ). When these mutant RNAs were used as competitor RNAs in competition experiments, M1-RNA still reduced the RBP63 signal as efficiently as did )36-RNA (Fig. 5B) suggesting that A-tract 1 is not essential for RBP63 binding. In contrast, a significantly weaker competition effect was observed with M2 RNA, indicating that crucial cis-acting determinants for RBP63-binding activity are located within A-tract 2.
To analyse these in more detail, four additional leader mutants of A-tract 2 were generated, which contained C-tracts localized at positions )17 to )12 (M2a RNA), )11 to )8 (M2b RNA), )7 to )4 (M2c RNA) and )17 to )15 (M2d RNA) (Fig. 5A) . These new mutant RNAs were used as competitor RNAs as described above. As shown in Fig. 5C , both M2c RNA and M2d RNA were able to reduce the RBP63 signal to the same degree as wild-type )36-RNA. Addition of either M2a RNA or M2b RNA, however, caused only weak competition effects in the range of those obtained with M2 RNA. This indicated that RBP63 binding to the psbA leader is determined mainly by the tract of seven A residues located between position )14 and )8 relative to the AUG start codon.
D I S C U S S I O N
In this study, we report on the identification and characterization of the chloroplast RNA binding protein RBP63, which is part of a high molecular weight complex of 700 kDa. RBP63 exhibits a high affinity for the 5¢ UTR of the psbA message when compared to various different 5¢ UTRs of chloroplast genes. Moreover, its binding activity in vitro is dependent on a tract of seven consecutive A-residues located 14-8 nucleotides upstream of the psbA AUG start codon. Based on the fact that chloroplast mRNAs often contain long stretches of A residues, it appears unlikely that Fig. 3 . RBP63 binds with high affinity to the psbA 5¢ UTR. (A) Floated thylakoid membranes were analysed by UV cross-linking assays with radiolabelled 5¢ UTR probes of either the psbD or the psbA mRNA (psbD-and psbA-RNA, respectively). (B) cT-fractions were incubated with radiolabelled psbD-RNA and a 5-, 50-, or 500-fold molar excess of the indicated competitor RNAs representing the 5¢ UTR RNAs of the psbA, psbB, psbC and psbD mRNA. (C) As in (B) except that psbA RNA instead of psbD RNA was radiolabelled. Each diagram displays the intensities of RBP63 signals in relation to the RBP63 signal without competitor from one representative experiment, in which the exposure time was the same for all lanes. Fig. 4 . RBP63 binds to the short psbA leader form. Competition experiments similar to those described in Fig. 3C were performed by using the larger (psbA) and the shorter ()36) psbA 5¢ UTR (Fig. 5A) as well as the psbA 3¢ UTR.
this A-stretch on its own is already sufficient to mediate high affinity binding of RBP63. Rather, additional cis-acting determinants, such as the secondary structure of the leader, for example, might facilitate site-specific RNA recognition by RBP63, similar to RNA-protein complex formation in other systems [20, 39] . Nevertheless, the A-rich region had previously been shown to be required for D1 synthesis in C. reinhardtii. In the chloroplast transformant RBS11, deletion of the sequence between position )26 and )11 led to the elimination of psbA mRNA translation in vivo, whereas the stability and 5¢ maturation of the message were unaffected (Fig. 5A) [36] . As the deletion in the translational RBS11 mutant covers four of the seven A residues of the psbA leader that are essential for RBP63-binding, a correlation between RNA binding activity in vitro and translational activity in vivo becomes obvious. Thus, we speculate that RBP63 might be involved in the translational control of psbA gene expression in C. reinhardtii. This resembles the situation found for the regulation of translation initiation of the psbD gene in chloroplasts of C. reinhardtii. In the case of the psbD 5¢ UTR, a U-rich element located 25 to 14 nucleotides upstream of its AUG start codon was shown to be required for translation but not for RNA stabilization or 5¢ maturation [38] . This region is recognized by a stromally localized 40 kDa protein (RBP40), which has been postulated to be involved in D2 synthesis [18] .
In spinach, the ribosomal protein S1 has been shown to interact with A-or U-rich sequence elements within the psbA 5¢ UTR [40] . In contrast, detailed competition binding experiments revealed that several other chloroplast RNA probes are also bound by S1 with the same affinity [41] . In C. reinhardtii, similar to Escherichia coli, the chloroplast S1 protein has a size in the range of 60 kDa [18] , thus resembling RBP63. However, when thylakoid membrane proteins were analysed with a polyclonal antiserum against the E. coli S1 protein, no immunoreactive material was detected (data not shown). These data, as well as the fact that RBP63 binds with high affinity solely to the psbA leader strongly support the idea that these two factors are distinct, though, formally, we cannot exclude that RBP63 represents a membrane-bound version of the S1 protein.
However, one of the most intriguing features of RBP63 is its association with stromal thylakoid membranes. To our knowledge, this represents the first example of a chloroplast RNA binding protein within thylakoids. While analyses of such proteins were initiated mainly from the soluble stromal phase, more recently a partitioning of various RBPs between the soluble and the membrane fraction was reported following the use of a radiolabelled RNA probe of the psbC 5¢ UTR in UV cross-linking experiments [9] . Further fractionation of the membrane phase revealed that the bulk of RBPs is specifically enriched (over 100-fold) within the above mentioned LDM, which can easily be separated from thylakoids by sucrose density centrifugation in the absence of MgCl 2 [9] . During the course of this work, stroma and LDM phase were not separated and, except for RBP63, all RBPs were detected in the stroma/LDM fraction by using either a psbD or a psbC 5¢ UTR probe ( Fig. 1A ; data not shown), indicating that the floated thylakoid membranes were not contaminated by LDM membranes (Fig. 1A, lane 5) .
It has been hypothesized that LDMs, which resemble the inner envelope with regard to their lipid composition, represent the sites of thylakoid membrane protein synthesis and that de novo formed photosynthetic complexes are transported via vesicles from the inner envelope to the thylakoids [42, 43] . This appears to be consistent with the finding that many RBPs, which are likely to be involved in post-trancriptional gene expression steps in the chloroplast, cofractionate with LDMs. On the other hand, the repair mechanism of PS II in mature chloroplasts mainly involves the exchange of photo-damaged D1 protein by a newly Fig. 5 . cis-acting determinants of RBP63 binding to the short psbA leader. (A) Sequence alignment of the larger (psbA) and the shorter ()36) psbA 5¢ UTRs from the wild-type and different mutated 5¢ UTR versions. Asterisks represent conserved residues. Positions relative to the initiation codon and the 5¢ processing site (vertical arrow) are marked above the sequence. The region that has previously been deleted in the chloroplast mutant RBS11 [34] is boxed. (B and C) Competition experiments were carried out similar to those described in Fig. 3C by using the indicated RNAs. Each diagram displays the intensities of RBP63 signals in relation to the RBP63 signal without competitor from one representative experiment, in which the exposure time was the same for all lanes. Competition with M2d-RNA was performed independently and, thus, RBP63 signals were quantified in relation to the 0x value given in the respective M2d-RNA lane.
synthesized one and has been localized to the stroma lamellae of thylakoid membranes. Subsequently, intact PS II is moving to its functional localization in the grana regions [44] . Assuming a cotranslational insertion of D1 [45] , it appears likely that gene expression for this repair mechanism is restricted to the subfraction of the stromal thylakoid membranes, especially, as the tightly stacked grana regions would not allow access of the RNA polymerase, ribosomes or other soluble complexes involved in chloroplast gene expression to the membrane. In conjunction with data obtained from yeast mitochondria [46] , this leads to the model of a molecular tether, which localizes chloroplast transcripts encoding integral membrane proteins to stromal thylakoids [47, 48] . RBP63 appears to be a good candidate for a molecular tether of chloroplast mRNAs. It combines properties, which have to be postulated for such a factor, namely, it is associated with stromal thylakoids and binds to RNA. In particular, the fact that RBP63 binds with high affinity to the psbA 5¢ UTR and might thereby target the mRNA at stromal thylakoid membranes is striking, as most translational activity in mature chloroplasts is restricted to D1 synthesis due to constraints of PS II repair [44] .
In conclusion, two different processes of PS II generation have to be considered, which might overlap in time: the de novo assembly in premature developing chloroplasts and the mechanisms, which are involved in PS II maintenance in mature chloroplasts [49] . Based on available data and actual hypotheses, we hence propose the following scenario for the control of psbA gene expression in C. reinhardtii. In developing chloroplasts, psbA mRNA translation is regulated via its 5¢ UTR in a light and/or redox-controlled manner by the previously described complex of RB47, RB60, RB38 and RB55. This process may take place at the LDM system, since it has been shown immunologically that RB47 is localized to this chloroplast subfraction [9] . Furthermore, RB60 has also been demonstrated to be partitioned between the soluble and membrane phase during chloroplast fractionation experiments, although no distinction between LDMs and thylakoid membranes has been made during this analysis [23] . As RB60 exhibits no RNA binding activity in UV cross-linking experiments, it is clearly distinct from RBP63 which is described here [16] . If new D1 protein is required for the repair of PS II in mature chloroplasts, then psbA translation is targeted at the stromal thylakoid region by RBP63, which might interact with or replace the RB47/RB60 complex and promote the first assembly of ribosomes on the 5¢ UTR. In contrast with RB47 [22] , the RNA binding activity of RBP63 is not significantly altered by the energy and/or redox status of the chloroplast (data not shown). However, the originating nascent polypeptide chain compounded with ribosomes (the so-called ribosome nascent chain complexes) has then to be targeted at the D1 insertion point within the stromal thylakoids, a process which appears to be mediated by the chloroplast homologue of the 54 kDa signal recognition particle protein [50] .
Although this model has still to be considered speculative, it is based on data that show for the first time that putative trans-acting regulatory factors of psbA mRNA translation initiation are localized in different membrane subcompartments of the chloroplast. Furthermore, it takes into account that two different pathways for D1 synthesis might exist strongly depending on the developmental stage of the chloroplast.
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